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Abstract 
There is an increasing interest of using microwave technology for curing resins. The 
heating of the epoxy resins greatly relies on various factors which includes the 
dielectric properties, kind of waveguide used and the frequency and power used. The 
majority of curing via microwaves were normally performed on epoxy resins like 
diglycidyl ether of bisphenol-A (DGEBA) with hardeners like 4,4’ 
diaminodiphenylmethane (DDM). This paper investigates the experimental use of 
materials such as Casting Resin ADR 2512, High Temperature Resin ADR 2515 and 
Laminating Resin GPR 2516. Two high temperature hardeners were used together 
with the resins, mainly ADH 2403 and ADH 2409. Microwave curing resulted in a 
shorter curing time to reach the maximum percentage cure. Two moulding techniques 
were studied, mainly curing by placing the mould in the cavity or by preheating the 
resins prior to pouring the resin into the mould. By preheating the resin, it decreases 
gel time and improves production rates. 
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1. INTRODUCTION 
 
Microwave technology has been 
adopted in the industry working on the 
principle of releasing heat to cure a wide 
range of materials. Advantages of using 
microwave curing over thermal curing are 
that the process speeds are increased, 
uniform heating may occur throughout the 
material, efficiency of energy conversion, 
better and more rapid process control, 
precise and controlled heating [1]. 
Currently mouding processes make use of 
conventional heating devices like the 
convection oven or eating coils. Numerous 
researches have been carried out in the 
harnessing of microwave power in the 
curing or joining of various materials. 
 
2. THEORY 
 
Microwaves are electromagnetic waves 
with wavelengths ranging from 1 mm to 1 
m and frequency that ranges from 300 
MHz to 30 GHz. According to international 
agreement, industrial microwaves operate 
at a frequency of 2.54 GHz, which is 
powered by a variable power generator up 
to 1.26kW. 
 
The microwave oven uses a magnetron 
to create intense microwaves that are 
channeled to the microwave cavity using 
electromagnetic waves with a frequency of 
2.45 GHz. However, if greater power 
penetration is required, a system with a 
frequency of 915 MHz can be used. 
 
Important properties that are involved 
in the theory of microwave curing of 
materials include the wave propagation, 
microwave instrumentation (which 
includes the magnetron, impedance 
matching and tuning, waveguides used 
and the microwave cavity) and the 
dielectric properties of the material. The 
heating pattern of a sample that is heated 
by microwaves will depend on the 
dissipation factor which can be expressed 
by Eq (1) and the dielectric may be 
assumed to have a complex dielectric 
constant as shown in Eq. (2) 
 
 
            
 
 
            
 
The energy that is absorbed by the 
sample as the microwave energy 
penetrates it, is dependent on the 
sample’s dissipation factor. Materials that 
are transparent to microwave energy, 
penetration is considered to be infinite. As 
in the case of reflective materials such as 
metals, penetration is considered to be 
zero. However, the dissipation factors for 
absorptive materials are finite. 
 
3. EQUIPMENT USED 
 
Two sets of equipment were used in 
this study. The first set of equipment used 
was for the curing and post-curing of the 
materials and the second set used was for 
the testing of material properties like 
tensile strength, flexural strength and 
hardness tests were conducted. In 
addition, tests to find the glass transition 
temperature of the materials were also 
conducted and the morphology of the 
fracture surface were studied. 
 
4.1 MICROWAVE INSTRUMENTATION 
 
A magnetron as shown in Fig. 1a is 
used to generate intense electromagnetic 
waves with a frequency of 2.45 GHz. This 
2.45 GHz magnetron tube is one of the 
most commonly used tubes in the industry. 
The microwave generator that is used has 
digital displays, which outputs the 
forwarded, and reflected wave power that 
could be adjusted by a dial on the 
microwave generator. 
The stub tuners Fig. 1c are used for the 
impedance matching for the unnecessary 
loss of power or the tuning of the 
microwave system. Impedance matching 
is required to minimise the reflectance of 
the travelling waves travelling from one 
medium to another. Ideally, the system 
would be perfectly matched if the 
microwaves that travel from the magnetron 
to the sample in the microwave cavity are 
not reflected back. However in many 
cases, mismatching occurs. Tuners are 
used for impedance matching to provide 
the maximum absorption and minimise the 
reflected power back to the magnetron. 
This is important as the reflected 
microwaves could cause the magnetron to 
overheat excessively and change the 
output of the magnetron.The absence of 
an absorber in the cavity will also increase 
any minor leakage of microwaves from the 
system because the microwave intensity 
inside the cavity will be much higher than 
normal. 
The waveguide Fig. 1 is a device that 
channels the microwaves generated by 
the magnetron to the cavity with little loss 
and virtually no leakage hazard. There are 
many cross sectional shapes of 
waveguides available. Cross sections of 
almost any shape can be used. However, 
the analysis of odd shaped cross sections 
would prove to be difficult. Round cross 
sectional waveguides are rather common. 
 
4.2 TENSILE  
 
The Hounsfield tensile machine was used 
and it consists of the following apparatus: 
a fixed member, a moveable member and 
grips on both sides. The material to be 
tested are held together by the grips on 
both the fixed and moveable member. 
With reference to the ASTM D638-00 
standards, for test specimens of moulded 
plastics that are rigid or semi-rigid, the test 
specimen shall conform to certain 
dimensions as directed. The specimen 
thickness used in this study has a 
thickness of 6mm. The recommended 
number of specimens to be tested is at 
least five per sample. The speed of testing 
is the relative rate of motion of the grips 
during the test. In this case, the speed of 
testing for rigid or semi-rigid specimens of 
Type 1 is at 5 ± 25% mm/min. The controls 
were done by using a Windows based 
software that was connected to the 
Hounsfield machine. A graph of Force vs 
Extension was plotted on the screen and 
the force would be taken at the point 
where the sample fails. The Hounsfield 
Flexural three point tester utilises the 
same Hounsfield machine as the 
Hounsfield Tensile test. This test 
determines the flexural properties of the 
unreinforced rigid or semi-rigid plastics 
that were moulded. 
'
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4.3 FLEXURAL STRENGTH 
 
The test method uses the theory of a 
three point load acting on a simply support 
beam as shown in Fig. 1. There are mainly 
two procedures of testing the flexural 
properties as stated in the ASTM D 790-00 
Standards.  At least five specimens for 
mould materials have to be done with a 
recommended specimen size of 127 mm x 
12.7 mm x 3.2 mm. They are then placed 
on a three point support jig that utilises the 
Hounsfield machine. As recommended, a 
support span-to-depth ratio of 16:1 has to 
be used unless specified. 
 
4.4 ROCKWELL HARDNESS 
 
The Rockwell Hardness tester is used to 
test the indention hardness of plastics. With 
accordance to various Rockwell Hardness 
(HR) Scales available, conversions to 
different Rockwell Hardness Scales or 
hardness standards like the Brinell 
hardness numbers (BHN) can be done. 
This test method consists of indenting the 
test material with a diamond cone or 
hardened steel ball indenter and 
corresponds to ASTM D 785-98 Standards. 
 
The results gathered from this test is not 
a measure of the abrasion or wear 
resistance of the material but mainly as an 
indication of cure of the samples at room 
temperature. 
 
4.5 GLASS TRANSITION TEMPERATURE 
 
The tests to find the various glass 
transition temperatures for the samples 
were conducted by using the Differential 
Scanning Calorimeter (DSC). The 
Differential Scanning Calorimeter measures 
the amount of energy (heat) absorbed or 
released by a sample as it is heated, cooled 
or held at constant temperature. 
 
4.6 FRACTURE SURFACE 
 
The viewing of non-conducting 
specimens like epoxy resins usually causes 
problems when analysing it in the SEM. It is 
virtually impossible to record photography 
detail due to the specimen’s charging 
effect. 
A common technique used to overcome 
this problem to coat the specimen with a 
thin film of conductive material such as gold 
which should follow the irregularities that 
appear on the fracture surface of the 
specimen. 
 
5. EXPERIMENTAL PROCEDURES 
 
5.1 RESIN COMPOSITION 
 
The resins used are R2512, which 
consists of Bisphenol-A, Bisphenol-F and 
Aliphatic Glycidylether. Resin R 2515 is a 
reaction product of Bisphenol-A based 
epoxy resin and epichlorohydrin. The final 
resin used was R2516 with ingredients that 
include Bisphenol-A, Bisphenol-F and 
Hexandiol Digcidyl Ether. 
 
The hardeners used fall into the 
chemical category of Cycloaliphatic Amine. 
Fig. 2: Three-point loading system on a 
simply supported beam 
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The hardeners used are H2403 which has 
Isophoronediamine ingredients. Another 
hardener used is the H2409 with 
ingredients that includes Dimethyl 
Methylene Di (Cyclohexylamine). 
Mixture of mould materials of resin and 
hardener were mixed using parts by 
weight as shown on Table 1. 
 
Table 1: Mix Ratio of resin and hardener 
Material Parts by Weight 
R2512 100 100     
R2515   100 100   
R2516     100 100 
H2403 25  25  25  
H2409  33  33  33 
 
5.2 TENSILE  
 
The material’s tensile properties were 
determined by using procedures based on 
ASTM D638-00. The tests were conducted 
on a testing machine with both fixed and 
movable member with specimen Type I as 
referenced from ASTM. The tests were 
carried out with the aid of a Hounsfield  
Mechanical testing machine with a speed of  
testing to be 5 ± 25% mm/min. The 
specimens of Type I were of thickness 6 
mm and other dimensions are given in the 
standards. 
 
In the tensile test, the specimen was 
subjected to a continually increasing 
uniaxial tensile force while simultaneous 
observations were made on the elongation 
of the specimen. The tensile strength is the 
maximum tensile stress of the material and 
can be found by applying Eq. (3).  
 
 
             
             
 It is also necessary to note the percentage 
elongation of the specimen. This shows the 
relative ductility of the material. The percentage 
elongation, %EL is the percentage of plastic 
strain at fracture point. The percentage 
elongation can be found by applying the 
formula as shown in Eq. (4). Where lf and lo are 
the final and original length respectively. 
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5.3 Flexural Strength 
 
The specimen is then deflected at a 
strain rate of 0.01 mm/mm/min with a load 
applied at the center until it breaks or until a 
maximum strain of 5.0% is reached. The 
load at yield is the sample material's 
flexural strength. The thickness of the 
material used is 3.2 mm and the support 
span, 100 mm. 
Obtaining the material’s flexural 
strength, fM is the maximum flexural stress 
sustained by the test specimen. The 
maximum flexural stress can be found by 
applying the formula: 
 
 
 
              
Whereby the flexural stress at midpoint, 
f is three times the load at yield, P times 
the support span L divided by two times the 
width and the square of the depth. 
 
The Bio-Rad SC500 sputter coater was 
used in the coating process. The specimen 
were affixed onto a stand and placed into 
the sputter coater. The chamber of the 
sputter coater is then void of all air and an 
inert gas is then allowed to enter the 
chamber. This whole process takes an 
approximate time of 40 minutes. The 
surfaces of the samples were coated with a 
thin ion deposited layer of gold to improve 
its reflectivity. This technique gives a 
uniform coating and covers the surface of 
the specimen fully.  The coated specimens 
are then carefully placed in the Quanta 200 
SEM for analysis 
 
6. RESULTS AND DISCUSSIONS 
 
6.1 TENSILE STRENGTH 
 
Tensile tests were done and the final 
mean results for each specimen at typical 
room temperatures were tabulated in Table 
4. From the results shown, the three 
different materials exhibit tensile strengths 
of different values.  In general, out of the 
three epoxy resins tested, results on the 
tensile strength properties of the microwave 
cured unreinforced epoxy resins shows 
rather encouraging results. However for the 
case of Resin R2515, results proved to be 
unsatisfactory and were found to be rather 
brittle. 
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Table 4: Tabulated Results for Tensile 
Strength 
 
Specimen Tensile Strength 
(MPa) 
R 2512 / H 2403 46 
R 2512 / H 2409 28 
R 2515 / H 2403 15 
R 2515 / H 2409 12 
R 2516 / H 2403 45 
R 2516 / H 2409 50 
 
Another important factor in the tensile 
properties of the material is it’s percentage 
elongation.  The values tabulated in Table 5 
shows in general that resin R 2515 
experiences very little elongation before it 
fails as compared to resins R 2512 and R 
2516.  In general, resin R 2515 is 
considered to be a brittle resin as is exhibits 
very little plastic deformation upon fracture. 
As compared to certain materials like 
metals, epoxies are not as ductile. 
 
Table 5: Tabulated Results for 
Percentage Elongation 
 
Specimen Percentage Elongation 
(%) 
R 2512 / H 2403 3.21 
R 2512 / H 2409 2.54 
R 2515 / H 2403 1.04 
R 2515 / H 2409 1.14 
R 2516 / H 2403 3.25 
R 2516 / H 2409 3.32 
6.2 FLEXURAL STRENGTH 
 
Flexural strength tests are carried out on 
the proposed sample to find out the ability 
of the specimens to resist deformation 
under a load. Results of the flexural 
strength tests are shown in Table 6.  For 
specimens that do not break, the load at 
yield, typically measured at 5% 
deformation/strain of the outer surface, is 
reported as the flexural strength. 
 
Table 6:  Tabulated Results for Flexural 
Strength 
Specimen Flexural Strength 
(MPa) 
R 2512 / H 2403 167 
R 2512 / H 2409 135 
R 2515 / H 2403 70 
R 2515 / H 2409 17 
R 2516 / H 2403 177 
R 2516 / H 2409 145 
 
As the results show, resin R 2515 is a 
rather brittle resin which exhibits low 
flexural strength. Resin R 2516 gives an 
overall tougher flexural strength and has a 
greater ability to resist deformation. 
 
6.3 ROCKWELL HARDNESS  
 
The higher the Rockwell hardness 
number, the harder the material is. From 
the results shown in Table 7, it can be seen 
that resin R 2515 is of a harder material as 
compared to the other two. R 2516 is also 
harder than resin R 2512.  The results 
obtained from this test are a useful 
measure of relative resistance to 
indentation of various grades of plastics. 
However, the Rockwell hardness test does 
not serve well as a predictor of other 
properties such as strength or resistance to 
scratches, abrasion, or wear, and should 
not be used alone for product design 
specifications. 
 
Table 7: Tabulated Results for Rockwell 
Hardness Properties 
Specimen Rockwell Hardness 
Number (HRE) 
R 2512 / H 2403 57 
R 2512 / H 2409 58 
R 2515 / H 2403 60 
R 2515 / H 2409 63 
R 2516 / H 2403 58 
R 2516 / H 2409 60 
 
6.4 GLASS TRANSITION TEMPERATURE 
 
The Glass Transition Temperature test 
was done to compare if samples cured by 
microwave improves the material’s Glass 
Transition Temperature. The results show 
improvement in the Glass Transition 
temperature as compared to the epoxy 
resins cured using the conventional oven. 
 
Table 8: Tabulated Results for Glass 
Transition Temperatures 
Specimen Conventional 
Oven 
Microwave 
Oven 
R 2512 / H 2409 71.74 80.22 
R 2515 / H 2409 54.04 86.06 
R 2516 / H 2409 78.30 85.92 
 
In general, the Tg for resin R 2512 has 
increased an average of 11.82%, resin R 
2515 experiences and increase of 59.25% 
and Tg for resin R 2516 has improved by 
9.73%.  It is therefore important to increase 
the material’s Glass Transition temperature, 
so as to have a general increase in the 
temperature where the material starts to 
degrade. This is important as the material 
would then perform and would not fail in 
higher temperatures as compared to the 
same material with a low Tg. 
 
6.5 FRACTURE SURFACES 
 
6.5.1 R2512 H2403 
 
The fracture surface of Resin and 
Hardener Mix R 2512 / H 2403 were 
observed under a magnification of 76 times. 
The overall surface exhibits a rather smooth 
texture. In Fig. 3, bowed-out crack fronts 
and trailing river lines can be seen. The 
river lines are on cleavage cracks of the 
fracture surface. Splinters or filaments in 
Fig. 3 of material that have separated at the 
steps and lie at random angles on the 
surface are also observed. Dust specks can 
bee seen on the fracture surface which 
could be due to dust particles in the air or 
filaments of material that have landed on 
the fracture surface. 
 
6.5.2 R2512 / H 2409 
 
The fracture surface of R 2512 / H 2409 
in Fig. 4 shows a progressive increase in 
roughness. The crack propagated from the 
edge and the difference on the fracture 
surface could be due to compression on 
one end and tension on the other. Closer 
examination of the surface shows that river 
lines and terraces cover particular section 
of the fracture surface. 
 
 
 
 
INSERT FIGURES 3 & 4 
 
7. Conclusion 
 
The ability of using microwave energy to 
cure alternate un-reinforced mould 
materials were investigated. Satisfactory 
results were obtained and only three 
alternate mould materials were researched 
on. However, the process of moulding and 
it’s materials go far beyond than just 
casting. The effects on using microwave 
heating to develop and cure the mould 
materials clearly shows a great 
improvement in the time taken to cure. 
Material properties were not greatly 
affected with the exception of Resin R 2515 
which turned out to be very brittle even after 
reaching it’s “C state”.  
 
In general, comparing both the results of 
the time taken to cure mould materials with 
the use of microwave heating has improved 
tremendously and could increase the 
overall productivity of productions. 
However, further research need to be done 
on the feasibility of implementing 
microwave heating to be used in the 
industry. 
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